Introduction
Heat storages are considered essential for a district heating system with a large share of renewable energies due to the flexibility they offer to accommodate the fluctuating nature of the renewable energy sources such as wind and solar energy. The most promising heat storage solutions are tank storage systems, water pit thermal storage (PTES), aquifer thermal energy storage (ATES), borehole storage (BTES) and water-gravel pit storage (Pavlov and Olesen 2012, Heller 2000) . Moreover, cases of latent heat storage using phase change materials are also investigated but there are still some barriers to overcome before applying them to large scale (Sharma etc 2009). Large scale water pit thermal energy storages are viable solutions both economically and environmentally since these stores are simple in construction and relatively cheap. Larger storage volumes lead to increased efficiency in practice, since the heat losses do not increase with the volume proportionally. With a large water pit heat storage, solar fraction of a district heating system could be significantly increased to for example 50% of the heat demand of the district heating network. PTES have been successfully used in district heating plants in Denmark, for example, in Marstal (75, Thermal behaviors of water pits as seasonal heat storages have been investigated both experimentally and theoretically. Kielsgaard Hansen et al. (1983) investigated first a small 500 m 3 pilot water pit heat storage at the campus of the Technical University of Denmark. Later, Kübler et al. (1997) presented investigations on a pilot heat storage with about 600 m 3 volume built in Rottweil. The pilot heat storage was applied as short term storage in connection with a combined heat and power (CHP) plant. The storage container was made of concrete with a stainless steel liner and mineral wool as insulation. The aim of the paper was to demonstrate the feasibility of the technology and to gain practical experience for the construction of larger stores. A gravel /water storage pit was built in Steinfurt, Germany (Pfeil M. 2000) . The ecological compatibility of the used materials in the storage was proved. Another focus of the paper was analysis of the cost-reduction potential of the PTES (Pfeil M. 2000) . Thermal behavior of a model PTES was experimentally investigated in a test rig and numerically investigated by means of CFD simulations (Change and Wu, 2017) . The investigated PTES was a scaled down model that facilitates measurements in a test rig. Thermal behaviors of PTES in real operation with a volume as large as 70,000 m 3 was not found.
Marstal's PTES was developed, based on the experience from the small demonstration water pits, and funded under the SUNSTORE 4 project, as part of the "EU flag projects" (Kate 2013). Its aim is to increase the solar fraction of the plant up to 55% of the thermal energy production, focusing on sustainability, increased efficiency and low costs.
Marstal's 75,000 m 3 PTES was commissioned in 2012 and it has a capacity of 6.96 GWh according to PlanEnrgi (Jensen 2014) . The operating temperatures vary depending on the season and the depth of the water layer, however the pond is designed to operate in a range of 10-90 °C.
The aim of the paper is to investigate thermal behavior of the large water pit heat storage in Marstal solar heating plant. Temperatures at different levels of the water pit storage and temperatures at different depths of the ground around of the storage were monitored and analyzed. A simulation model of the water pit storage is built to investigate development of temperatures in and around the storage. The calculated temperatures are compared to the monitored temperatures with an aim to validate the simulation model. Thermal behavior of the water pit heat storage and its interaction with the ground are elucidated.
Measurements of the PTES in Marstal
Located in a small island AErø in the southern part of Denmark, the 75,000 m 3 water pit heat storage has an outer dimension of 98 m × 98 m excluding the dam around the storage, see Fig. 1 . The depth of water in the storage is 16 m. An illustration of the design of the water pit thermal energy storage is given in Fig. 2 . After commissioning of the PTES in 2012, detailed measurement have been carried out in in the period 2014-2016 to evaluate thermal performances of the storage. The following monitoring equipment is installed on the water pit heat storage: The placement of the sensors in the water pit heat storage are indicated as circles in Fig. 3 , where sensors A1 and A2 measure water temperatures of the store at different depths, while the sensors B, C and G measure temperatures of the ground at different levels. Moreover, at A1 a heat flux sensor is installed in the lid including one temperature sensor on the top and one temperature sensor on the bottom surface of the insulation layer.
(A) 
Numeric method
A simplified CFD model of the water pit heat storage in Marstal is built using a commercial CFD software Ansys Fluent (Ansys 2016). The model includes the water volume in the store and the inlet/outlet openings. An inlet/outlet pipe with three inlet/outlet openings is placed in the middle of the PTES. Fig. 4 shows mesh of the simplified CFD model of the PTES. Grid lines on the side and the bottom surfaces of the PTES and grid lines on two vertical cut planes across the middle of the inlet/outlet pipe are presented. In the area around the inlet/outlet pipe, a denser mesh is assigned in order to better resolve fluid flow and heat transfer caused by inlet and outlet flows. In total 1.6 million hexahedron elements were used to mesh the model. Heat loss coefficients for the top cover is determined based on given design of the floating lid and on measurements by a heat flux sensor at A1 while heat loss coefficients and boundary conditions for the side and the bottom surfaces of the store are evaluated by transient simulations using a simplified 2D CFD model of the ground around the store. Fig. 5 shows the 2D model of the water pond and the ground around the pond. It is assumed that the pond is symmetrical therefore only half of the water pond is modelled. The whole model has a dimension 74 m * 41 m with an aim to minimize the thermal influence of the pond on the bottom and the side boundary surfaces. Since temperature at the bottom and the side boundary surface of the 2D model is not influenced by the pond during the investigated 4 months period, these boundary surfaces are defined as adiabatic walls.
The 2D model calculates the heat transfer between the water pond surface and the ground around the store, which is used to determine heat loss coefficients of the bottom and the side surface of the PTES. The obtained heat loss coefficients are used as input in calculations using the 3D CFD model of the PTES. Calculation of Rayleigh number shows that the flow in the PTES is laminar in most parts of the store, therefore the laminar model is used in the calculation. Transient CFD calculations are performed with Boussinesq approximation. The PRESTO and second order upwind method are used for the discretization of the pressure and the momentum/energy equations respectively. The SIMPLE algorithm is used to treat the pressure-velocity coupling. The transient simulations start with a temperature distribution in the PTES determined by measurements. A zero velocity field is assumed at the start of all simulations. The calculation is considered convergent if the scaled residual for the continuity equation, the momentum equations and the energy equation are less than 10 respectively. The simulation runs with a time step of 5 s and a duration of 7-10 h.
Heat losses from the store
One important boundary of the model is thermal losses of the store which consists of two heat losses: losses from the top floating cover to the ambient air and losses from water in the pond to the ground. Heat loss from the top cover of the store is determined based on measurement by a heat flux sensor placed on the cover and properties of the 
insulation material, see location A1 in Fig. 3 . Since it is only a single point measurement at a fixed location, precise measurement of heat losses for the whole cover is difficult. For instance, the measurement is not able to measure extra heat losses caused by periodic ventilation of the top cover, thermal bridges through the manhole, joints and extra heat losses caused by decreased insulation property of deformed insulation material observed in some places of the cover. The measured heat loss from the cover is therefore modified with an aim to achieve an energy balance of the water pond in a measurement period of one year. The heat fluxes of the floating cover used in the paper are in the range of 22-34 W/m 2 . From Table 1 , it can be seen that among the four days investigated, the heat flux is the largest on October 07 and the smallest on February 18. It can be explained by the temperature difference between the water at the top layer of the pond and the ambient air. On October 07, the water pond had a relatively higher temperature due to charging during the summer while the ambient air temperature is around 10-20ºC. In February 18, the ambient air temperature is much lower and the temperature at the top layer of the pond was significantly decreased due to discharge of the PTES throughout the winter.
Heat losses from the PTES to the ground are more difficult to measure since it is influenced not only by yearly fluctuation of the ambient air temperature, but also by heat transfer in the soil. In order to locate a ground boundary of the water pond that is not influenced by temperatures of the water pond, a large amount of soil volume has to be included in the CFD model. As a result, the CFD model might be extremely large, making it too time consuming to carry out CFD simulations. In this paper, heat transfer between the water pond and the ground is calculated in a separate 2D model, see Fig. 5 . In the 2D model, measured temperatures at different layers of the water pond were used as initial conditions of the store. Fig. 6 shows temperature distribution in a vertical cut plane of the ground around the PTES. View of the whole water pond is shown in the figure to the left while a magnified view of the upper corner of the PTES is shown to the right.
The 2D ground model calculates the heat transfer between the water pond surfaces and the ground around the store, which is used to determine heat loss coefficients of the water pond surfaces. The heat loss coefficients are used as input in the 3D CFD model of the PTES. The 2D ground model was also used to determine soil temperature around the water pond. Since temperature of the ground around the store depends on both the depth of the soil and the time of the year, the distribution pattern of the temperatures was determined by calculation using the 2D ground model, while the absolute level of the temperature was determined by measurements at the location B. Fig. 8 shows ground temperatures on the side of the water pond in different times of the year. Among the investigated four periods, the ground soil temperature is the highest in October and the lowest in February, which indicates a strong influenced by the temperatures of the pond and the ambient air. A clear pattern can be seen from the curves: relatively lower temperature at both the top and the bottom of the pond and higher temperature around 6 m below the ground surface. A lower temperature at the bottom of the pond could be explained by strong thermal stratification in the pond. Due to thermal stratification, temperature of water layer at the bottom of the pond is relatively lower, therefore a lower temperature is observed at 16 m below the ground surface. While a lower temperature close to the ground surface could be explained by cooling of soil by the ambient air with a lower temperature. 
Thermal stratification in PTES
Validity of the CFD model is investigated by comparing the CFD calculated thermal behaviors of the PTES with the measurements. The investigation was carried out for 4 scenarios including two discharges and two charges of the PTES, see Table 2 . In the CFD simulations measured temperatures of the water pond and the ground were used as initial conditions of the PTES. The transient flow rate and temperature of the inlet flow to the PTES were measured and used as boundary conditions for the inlets by means of user defined functions. During charge of the PTES, the average temperatures of the inlet flow are 83.3ºC and 77.3ºC on August 03 and April 22 respectively. The average discharge temperature are 44.4ºC and 36.5ºC respectively on October 07 and February 18. The CFD calculated temperatures at the outlet and at different levels of the pond were compared to the measured ones.
The CFD model is able to calculate heat transfer and the convective, buoyance driven flow in the PTES. The development of water temperature is elucidated by means of the transient CFD simulations. Thermal stratification in the store during charge and discharge of the store is evaluated. Fig. 9 shows the measured and the CFD predicted charge power of the PTES for the charge case on August 3. There is a satisfactory agreement between the CFD model and the measurements. The difference between the measured energy flow and the calculated energy flow is within 10%. A comparison between the measured and the CFD calculated temperatures is shown for the location A1 and A2 respectively in the figure to the left and the figure to the right. Since the depths of the water are 16 meter at the location A1 and 8 meters at the location A2, the scales of the two figures are different. It is shown that water at the same level of the pond has almost identical temperatures. Based on the measured initial temperatures at different levels of the water pond in the start of the charge period, a regression is made to find a function between the water temperature and levels of the pond. The function is used as initial conditions in the CFD model by means of user defined functions.
Charge of the PTES
There is generally a good agreement between the measured and the CFD calculated temperatures at the end of the charge period (20:00) at different locations of the pond. An exception is found at the level of 4 m below the ground surface on the location A2 where the water temperature was measured to be approx. 85ºC in comparison to a CFD calculated temperature of around 75ºC. A likely cause of the big difference could be false measurement of the sensor.
As water temperatures at the top of the pond are approx. 80ºC, it is very unlikely that temperature of the water 4 meter below the surface has a temperature higher than temperature of the water on the top of the pond. Therefore measurement data of the false sensor was not included in the investigations.
In the right figure of Fig. 10 , it is shown that measured temperature of water at the top surface of the pond has a lower temperature than water 1-4 meter below the water surface, indicating a higher heat loss from the top cover at the location A2 than the average heat loss used in the CFD model.
It should be noted that temperature of the water pond increases slightly during charging in the investigated period. Such a change of temperature during charge in one day is too small to fully validate the CFD model. CFD calculation of charging in more than one day would better elucidate validity of the CFD model but the corresponding simulation time would increase significantly, therefore was not applicable for the present study. However such long term calculations are recommended for the future by means of parallel computing on super computers. Fig. 11 shows temperature plots in the water pond at different times of the day. Temperature distributions at the start of the charge period (10:00) and in the middle of the day (14:00) are shown respectively in Fig. 11A and 11B. As shown in Fig. 11B , there are inlet flows with a temperature of 85ºC in the top inlet and in the middle inlet. After entering the top inlet opening, the hot fluid rises up and tends to flow along the top surface of the pond. Around the middle inlet opening, the inlet hot fluid mixes with relatively colder water in the PTES, resulting in a mixing region above the inlet opening. The mixing region is limited to a small area around the inlet disc indicating a good conservation of thermal stratification in the pond. Fig. 12 shows regions in the pond where there is a larger fluid movement. Not surprisingly, larger fluid movement is observed in the three regions: around the top inlet opening, the middle inlet opening and the exit. The fluid velocity close to the inlets are in the range of 4-8 cm/s, which are considered to be higher enough to destroy thermal stratification. Since the region with a disturbing fluid velocity is rather limited, thermal stratification in the pond is kept during charge of the pond. It is interesting to note that around the top inlet opening the region with a higher fluid movement looks like a disc, indicating spreading of the hot fluid along the top surface of the PTES. That fluid pattern means well function of the inlet opening since the hot fluid has a higher temperature than the water temperature at the top of the pond and therefore should be directed by the inlet to the very top of the pond.
(A) Thermal stratification at 10:00 (B) Thermal stratification at 14:00 Fig. 13 shows the measured and the CFD predicted discharge power of the PTES for the discharge case on October 7. There is a satisfactory agreement between the CFD model and the measurements. The difference between the measured energy flow and the calculated energy flow is within 5% except at the very start of the simulation. There is a large difference of approx. 0.4 MW between the measured and the calculated discharge power. A large deviation at the start of the simulation could be due to over simplified initial conditions of the PTES in the CFD model. Fig. 14 shows temperature distribution in the water pond at 21: 00 October 7. A clear thermal stratification in the pond can be observed. At the start of the October the pond was already quite fully charged. Water temperatures are 80-87ºC in the top of the pond, 70-76ºC in the middle and 40-45ºC at the bottom of the pond. During discharge, hot water is taken from the top of the pond, cooled down by the district heating network and returns through the bottom inlet of the pond. Since the inlet water is around 44ºC, close to the water temperature at the bottom of the pond, there is almost no mixing induced by the inlet flow. It is also confirmed by Fig. 15 where regions with a fluid velocity larger than 3 cm/s can be seen. Around the inlet opening at the bottom, the mixing region is very much limited. It can concluded that the current inlet/outlet design is able to minimize mixing during discharge from the top and the bottom openings when the PTES is fully charged. Fig . 16 shows temperature distribution in the water pond at 6:00 February 18 during discharge. After discharge throughout the winter, temperature of the pond was significantly decreased. Water temperature at the top of the pond was decreased to 48-53ºC while the water temperature was in the range 28-32ºC below the middle opening. During the discharge, heat is taken from the top of the pond as for instance heat source of a heat pump. On the hot side of the heat pump, the district heat water is heated from 40ºC to 80-85ºC. On the cold side the heat pump, water is cooled down from 48-53ºC to around 40ºC before flowing back to the pond through the bottom inlet opening. Since the inlet water temperature is higher than the water temperature at the bottom of the pond, a significant mixing at the lower part of the pond is observed, see Fig. 17 . Due to buoyancy forces, the incoming water with a higher temperature rises along the inlet/outlet pipe while water on the edge of the pond with a relatively lower temperature flows down to the bottom of the pond, creating a big circulation and a quite uniform temperature at the lower part of the pond. The circulation is shown by the stream lines in Fig. 18 .
Discharge of the PTES
Velocity vectors in the water pond during discharge on February 18 are shown in Fig. 18 . A clear uprising flow is seen along the inlet/outlet opening. After reaching the middle opening where there is a water layer with higher temperature, the flow turns to flow horizontally. For the investigated scenario, the inlet temperature is much higher than the temperature at the bottom of the pond, thus creating strong mixing and destroying stratification at the lower part of the pond. If the middle inlet opening was used as inlet, a better thermal stratification in the pond could be achieved. However it should be mentioned that temperature of water from the heat pump varies depending on operation conditions of the heat pump. The return temperature could be much lower under some conditions, for instance a return temperature from the heat pump in the range of 15-25ºC is likely to happen. Consequently it will be advantageous to have the inlet at the bottom inlet opening. It is therefore interesting to investigate these scenarios in detail in the future.
Conclusions
Thermal behaviors of the 75,000 m 3 water pit heat storage in Marstal solar heating plant were investigated experimentally and numerically. Temperatures at different levels of the water pit storage and temperatures at different depths of the ground around the storage were monitored and analyzed. A simulation model of the water pit storage is built to investigate development of temperature in and around the storage. The calculated temperatures are compared to the monitored temperatures with an aim to validate the simulation model. The results show that the CFD models predict satisfactorily temperatures in the PTES for both charge and discharge operations. However it is recommended for the future to carry out a long term simulation in order to achieve a more detail validation of the CFD models.
Calculations of fluid flow and heat transfer in the PTES by the CFD model show that the inlet/outlet openings work properly during charge with minimal mixing region created in the PTES around the inlet/outlet openings. While for discharge of PTES, the ability of the inlet/outlet arrangement to keep thermal stratification strongly depends on temperature of water returned to the PTES. If temperature of the flow back to the PTES is much higher than the temperature at the bottom of the pond, strong mixing will be created, thus destroying stratification at the lower part of the pond. If the return temperature is lower than temperature at the bottom part of the PTES, it will be advantageous to have the inlet at the bottom inlet opening. It is therefore recommended to investigate these scenarios in future studies.
